Tissue factor initiates the extrinsic coagulation pathway by activating coagulation factor X to factor Xa, and factor V is a cofactor for the prothrombin activation by factor Xa. As factor Xa is known to promote the proliferation of mesangial cells in culture, the roles of the coagulation pathway and factor Xa were studied in an animal model of mesangioproliferative glomerulonephritis (MsPGN). MsPGN was induced in Wistar rats by an intravenous injection of anti-Thy 1.1 monoclonal antibody, OX-7. To clarify the role of factor Xa in MsPGN, a specific factor Xa inhibitor, DX-9065a, was injected intravenously at 2.5 or 10 mg/kg at the same time as OX-7, and kidney involvement was assessed by immunohistological analyses. We also examined p44/42 mitogen-activated protein (MAP) kinase activation. Time-course study revealed that expressions of tissue factor, factor V, and protease-activated receptor 2 (PAR2) were peaked on day 3, followed by factor X accumulation and mesangial proliferation. DX-9065a treatment significantly ameliorated proteinuria in a dose-dependent manner on day 8. Histological analyses showed a significant reduction in the size of glomeruli, the total number of glomerular cells, and crescent formation by DX-9065a treatment. Macrophage infiltration, which was rapidly observed on day 1 in disease control rats was not inhibited on days 1-3 by DX-9065a treatment, however it was suppressed on days 5-8. The deposition of fibrin, the number of PCNA-positive cells, and phosphorylation of p44/42 MAP kinase were markedly increased in the disease control group, whereas they were significantly reduced in the treatment group. Tissue factor and factor V induction may accelerate MsPGN through the activation and accumulation of factor X via proinflammatory and procoagulant mechanisms, and the inhibition of factor Xa would be a promising method to regulate the disease process.
A pathogenic role for locally accelerated coagulation causing the deposition of fibrin has been indicated in various active mesangioproliferative glomerulonephritis (MsPGN). 1 In a previous study, we showed that coagulation factor V is colocalized with fibrin in the mesangial area in an active type of IgA nephropathy with mesangial cell proliferation. 2 In another in vitro study, we observed that the coagulation process proceeds on the surface of cultured mesangial cells via the expression of factor V after the stimulation of an inflammatory cytokine TNF-a with exogenous factor Xa. 3 Furthermore, Monno et al 4 have shown that factor Xa directly promotes mesangial cell proliferation in vitro. Factor Xa contributes to the release of cytokines, and induces the expression of adhesion molecules and proliferation in endothelial cells. 5, 6 We have also shown that factor Xa induces cellular proliferation through the activation of extracellular regulated kinase (ERK)1/2 via protease-activated receptor 2 (PAR2) in cultured human mesangial cells, and that DX9065a, a small synthetic molecule, and a specific Xa inhibitor, suppresses their proliferation. 7 DX-9065a can competitively inhibit human factor Xa (Ki value: 0.041 mM). 8 Recently reported effects of this drug include activity to regulate coagulation and proliferation 9 in vivo and in vitro.
10
Nephritis induced by anti-Thy 1.1 monoclonal antibody in rats is recognized as an experimental model of MsPGN, and is referred to as Thy-1 nephritis. 11 Thy-1 antigen, originally identified as an antigen of thymocytes, also appears in rat glomerular mesangial cells. Thy-1 nephritis is characterized by initial mesangiolysis, platelet and monocyte/macrophage infiltration, and subsequent mesangial cell proliferation and mesangial matrix expansion. It has been reported that acute injury of the glomerulus in Thy-1 nephritis is mainly initiated by necrosis 12 and apoptosis of mesangial cells, and is often accompanied by cellular crescent formation. 13 Subsequent mesangial cell proliferation is an important pathophysiological phenomenon found in various glomerular diseases, often resulting in end-stage renal disease. 14 The aim of the present study, therefore, was to clarify the roles of the coagulation process in proliferative responses in MsPGN. The results revealed an important role of factor Xa in rat Thy-1 nephritis and the protective effect of a factor Xa inhibitor in this model.
METHODS Animals
Six-week-old male Wistar rats weighing 180-200 g were obtained from Shimizu Laboratory Materials (Kyoto, Japan). Rats were housed under specific pathogen-free conditions at the Animal Facility of Kyoto University, Faculty of Medicine. All animal experiments were performed in accordance with institutional guidelines, and the Review Board of Kyoto University granted ethical permission for this study.
]phenyl]-3-(7-amidino-2-naphthyl) propanoic acid hydro-chloride pentahydrate, was kindly provided by Daiichi Pharmaceutical Co. (Tokyo, Japan).
Experimental Design
Rat MsPGN was induced by a single injection of a mouse anti-Thy 1.1. monoclonal antibody OX-7 (1 mg/kg body weight; Cedarlane Laboratories, Hornby, Canada) through the tail vein, as described elsewhere. 15, 16 For the time-course study of the expression of tissue factor, factor V, factor X, PAR2, macrophage infiltration and mesangial proliferation, rats were killed at four time points: 1, 3, 5, and 8 days after OX-7 injection. Kidney tissues were processed for ordinary light microscopy and immunohistological evaluation, as described below. For the intervention study, 24 rats were divided into four experimental groups (n ¼ 6, each): the normal group, injected with the same volume of physiologic saline; the disease control group, injected with OX-7; factor Xa inhibitor groups, injected with OX-7 and DX-9065a simultaneously at 2.5 (low dose), or 10 (high dose) mg/kg body weight. All rats were killed on day 8. Before killing, 24-h urine to measure creatinine and protein levels was obtained from each rat. Blood samples and kidneys were collected at the time of killing. The prothrombin time (PT), activated partial thromboplastin time (APTT), and kidney weight were assessed.
Histological Evaluation of Renal Tissue
Kidney tissues from each animal were processed for evaluation by light and immunostaining microscopy. For light microscopy, tissues were fixed in 10% neutral-buffered formalin (pH 7.4) and embedded in paraffin. Sections (2 mm) were then subjected to periodic acid-Schiff staining, which was evaluated quantitatively by counting the total number of glomerular cells, the total numbers of glomeruli with mesangiolysis and capillary ballooning, respectively, and measuring areas of 20 randomly selected glomerular crosssections with NIH Image (NIH, Bethesda, MD, USA). The sections (2 mm) were also reacted with a mouse monoclonal antibody against proliferative cell nuclear antigen (PCNA) using a DAKO EPOS anti-PCNA/HRP kit (DAKO Corp., Carpinteria, CA, USA), a mouse antibody against rat ED-1 (Chemicon International, Temecula, CA, USA), and a goat antibody against rat fibrinogen (ICN, Aurora, OH, USA), using an ABC Elite-peroxidase staining kit (Vector Laboratories, Burlingame, CA, USA). The localization of tissue factor, factor V, factor X, and PAR2 was studied using fresh frozen sections (2 mm). Tissue specimens frozen in OCT compound (Miles Laboratories, Elkhart, IL, USA) were cut into serial sections in a cryostat. Sections for tissue factor staining were fixed in 4% neutralbuffered formalin for 8 min, then 100% ethanol for 2 min, then treated in 0.025% protease VIII (Sigma, St Louis, MO, USA) for 1.5 min at room temperature. Sections for factor V, factor X, or PAR2 detection were fixed in acetone for 5 min at room temperature. These fixed sections were stained by an indirect method using a goat anti-mouse tissue factor antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a sheep anti-human factor V antibody (Cedarlane Laboratories), a goat anti-human factor X antibody (Santa Cruz Biotechnology), or a goat anti-mouse PAR2 antibody (Santa Cruz Biotechnology), as described previously. 2 Sections were then incubated with appropriate secondary antibodies, and color was developed as mentioned above. The specificity of the anti-PAR2 antibody was previously reported by blocking test, using specific immunizing blocking peptide. 17 The specificity of the anti-Factor X antibody was also confirmed by blocking test, using purified human Factor X (Hyphen BioMed, Neuville sur Oise, France). The reactivity of the anti-tissue factor antibody was confirmed using sections of murine uterine.
Isolation of Glomeruli
Glomeruli were isolated from the renal cortex of rats using the differential thieving method, with the purity of glomeruli over 90%. 18, 19 Briefly, kidneys were gently ground through 400-mm and then 200-mm stainless steel sieves. The obtained fraction was washed with the solution on a 90-mm mesh. The supernatant was then centrifuged at 1000 r.p.m. for 5 min at 41C.
Western Blot Analysis of Phosphorylated p44/42
Mitogen-Activated Protein (MAP) Kinase Isolated glomeruli were suspended in cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA) with 1 mM phenylmethylsulfonyl fluoride for 30 min at 41C. After centrifugation of the sample, the supernatant was used as total cell lysates. In total, 20 mg of each sample was applied to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred to nitrocellulose filters (Schleiecher & Schuell, Keene, NH, USA). The blots were subsequently incubated with a rabbit anti-phospho-p44/42 mitogen-activated protein (MAP) kinase antibody (Cell Signaling Technology) or a rabbit anti-MAP kinase antibody (Oncogene, San Diego, CA, USA), followed by incubation with horseradish peroxidase-conjugated donkey anti-rabbit IgG (Amersham Pharmacia Biotech, Little Chalfont, UK). The final reaction was developed with a chemiluminescent system (Amersham Pharmacia Biotech).
Statistical Analysis
Values are represented as the mean7s.d. Comparisons among groups were performed with a two-way repeated analysis of variance using Fisher's post hoc test. Analyses were performed using the StatView program (Abacus Concepts, Berkley, CA, USA). A P-value o0.05 was considered significant.
RESULTS

Time Course of the Expressions of Tissue Factor, Factor V, and PAR2, and Total Glomerular Cell Number in Rat MsPGN
The expression of glomerular tissue factor, factor V, factor X, PAR2, and macrophage infiltration were negative or scarce in the normal group (day 0), and their expressions increased mainly in the mesangium, and were found partially along capillary loops in the disease control groups (Figure 1 ). Staining intensity was moderately positive for tissue factor, and intense for factor V on day 3, and both were moderate on day 8 after OX-7 injection. Factor X deposition was delayed; it was detected weakly to moderately on day 3, and significantly accumulated on day 8. PAR2 staining was significant on day 3 and day 8. The number of total glomerular cells was reduced by necrosis on day 1 after OX-7 injection as previously reported. 12 Then the number of cells began to increase, and the peak of cellular proliferation was noted on day 8 (Figure 2a, open column) . On the other hand, infiltrating macrophages were observed prominently in the initial phase of this model, and lasted during the observation period (normal, 0.070.0; day 1 disease, 7.672.0; day 3 disease, 5.571.0; day 5 disease, 6.670.4; day 8 disease, 6.570.4/glomerulus, Po0.01 vs normal, respectively) ( Figure 2b , open column).
Effect of DX-9065a on Kidney Weight and Proteinuria
When rats were killed 8 days after the injection of OX-7, total kidney weight was significantly increased in the disease control group compared with the normal group, and DX-9065a treatment markedly reduced kidney weight in a dose-dependent manner (normal, 1.8470.12; disease control, 2.5370.12; low dose, 2.5270.87; high dose; 2.1770.82 g/day, Po0.01 vs disease control). On day 8, the amount of urinary protein was significantly increased in the disease control group and this increase was also reduced by DX-9065a treatment (normal, 15.071.4; disease control, 149.7717.8; low dose; 103.1714.6, Po0.05; high dose, 44.3712.5 mg/day, Po0.01 vs disease control) (Figure 3 ).
Effect of DX-9065a on Histological Findings
We next examined glomerular histological change in these rats after DX-9065a treatment (Figure 4a-d) . Both disease control and DX-9065a treatment groups started out with an equivalent degree of mesangiolysis on day 1 (24 h) after OX-7 injection (disease control, 91.076.5%; high-dose of DX9065a, 92.575.0% of glomeruli). The glomerular area was increased 2.4-fold after OX-7 injection compared with the normal group (Po0.01). The increase in glomerular area on day 8 was markedly reduced by DX-9065a treatment in a dose-dependent manner (normal, 6.270.5; disease control, 15.071.1; low dose, 13.675.3, Po0.01; high dose 9.770.8 Â 10 3 mm 2 , Po0.01 vs disease control). As shown in the time-course study, the total glomerular cell number was increased after OX-7 injection (Figure 2a , open column), and this increase was suppressed by DX-9065a treatment (day 1 treatment, 35.871.0; day 3 treatment, 35.771.3, Po0.01 vs disease control; day 5 treatment, 48.170.9, Po0.01 vs Figure 1 Time course of the expression of macrophage, tissue factor, factor V, factor X, and PAR2 staining in Thy-1 nephritis. Macrophage is abundant both on day 3 (b) and day 8 (c); tissue factor is moderately positive both on day 3 (e) and day 8 (f); factor V is intensely on day 3 (h), and moderately positive on day 8 (i); factor X is mildly on day 3 (k) and intensely positive on day 8 (l); PAR2 is both prominent on days 3 (n) and 8 (o) in the disease control groups, whereas such staining is negative or scarce in the normal group (a, d, g, j, and m, respectively) . Original magnification for all panels Â 400.
Roles of factor Xa in rat MsPGN K Nomura et al disease control; day 8 treatment, 67.475.5/glomerulus, Po0.01 vs disease control) (Figure 2a, closed column) . DX9065a treatment did not delay glomerular repair, as shown by the ratio of residual capillary ballooning in glomeruli on day 8 (disease control, 26.575.0%; high-dose treatment, 22.576.0% of glomeruli; no significant difference). The dose-dependent inhibitory effect on cellular proliferation was noted as shown in Figure 4e with suppression by low-dose treatment (66.775.4/glomerulus, Po0.01 vs disease control). In contrast, abundant macrophages rapidly infiltrated on day 1 and subsequently persisted (Figure 2b , open column). This increase was reduced by DX-9065a treatment on days 5 and 8 (day 1 treatment, 7.270.7; day 3 treatment, 4.770.9; day 5 treatment, 3.771.3, Po0.01 vs disease control; day 8 treatment, 3.671.0/glomerulus, Po0.01 vs disease control) (Figure 2b, closed column) . Figure 5 shows a significant increase in crescent formation after OX-7 injection compared with the untreated group, in which no crescent formation was observed. This cellular crescent formation induced by OX-7 was suppressed by DX-9065a (normal, 0.0070.00; disease control, 4.970.6; low dose, 3.270.8; high dose, 1.770.3/20 glomeruli, Po0.01 vs disease control).
To assess proliferating cells in this model, we counted PCNA-positive cells in the glomerulus. The PCNA-positive cell number was significantly increased 8 days after OX-7 injection ( Figure 6 ). The increased PCNA-positive cell number induced by OX-7 injection was significantly suppressed by DX-9065a (normal, 1.170.6; disease control, 22.075.5; low dose, 22.972.3; high dose, 12.973.4/20 glomeruli, Po0.01 vs disease control).
Effects of DX-9065a on Fibrin-Related Antigen Deposition
We then examined whether DX-9065a affects fibrin deposition in Thy-1 nephritis. Immunohistochemical analysis revealed massive fibrin deposits in the mesangium and partially along capillary loops after OX-7 injection. 
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DISCUSSION
In this study, we found that glomerular tissue factor, factor V, and PAR2 were expressed intensely in the mesangium early, followed by factor X accumulation and mesangial cell proliferation in the disease control group. We also found that a specific factor Xa inhibitor, DX-9065a, could ameliorate the characteristic features of rat Thy-1 nephritis: proteinuria, mesangial cell proliferation, fibrin deposition, macrophage infiltration, and crescent formation, suggesting a role of factor Xa in the inflammation along with intramesangial coagulation. Our data indicate the role of p42/44 MAP kinase as a major signaling molecule in the proliferating process of Thy-1 nephritis through factor Xa activation.
In human MsPGN, mesangial proliferation with expression of the extracellular matrix is a common pathological finding. 20 Intraglomerular coagulation with fibrin deposition was suggested to be involved in the development of glomerular injury. 21 Among various coagulation factors, tissue factor is known to be the principle initiator of the extrinsic coagulation Figure 4 Inhibitory effects of DX-9065a on the total glomerular cell number. The total glomerular cell number was increased in the disease control group (b) and DX-9065a-treated groups (low dose, c; high dose, d), compared with the normal group (a). A marked reduction of total glomerular cell number in DX-9065a-treated rats was observed (e). **Po0.01 vs disease control (six rats per group). Original magnification for all panels Â 400.
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K Nomura et al pathway, and the glomerular expression of tissue factor is upregulated in human and rabbit crescentic glomerulonephritis. 22, 23 Tissue factor starts the extrinsic coagulation pathway, which activates coagulation factor X to factor Xa, and factor V is a cofactor for prothrombin activation by factor Xa. 24 Tissue factor and factor V are produced in mesangial cells by inflammatory stimulation. 3, 25 In our previous study, factor V mRNA expression was observed in mesangial cells of IgA nephropathy with activity. 2 Taken together, the activation of local coagulation in the mesangial area may progress in MsPGN. Hung H-L and High KA reported that liver contained the highest amounts of factor X mRNA; however, factor X was also detected in various organs, including the kidney, at trace level. 26 In this context, although mesangial cells actually do not produce factor X under physiological conditions, they could produce factor X under Figure 5 Inhibitory effects of DX-9065a on crescent formation. Cellular crescents are clearly detected in the disease control group (b) and DX-9065a-treated groups (low dose, c; high dose, d), compared with the normal group (a). Significant effects of DX-9065a on the suppression of crescent formation are observed in a dose-dependent manner (e). **Po0.01 vs disease control (six rats per group). Original magnification for all panels Â 400.
Roles of factor Xa in rat MsPGN K Nomura et al diseased conditions. As factor X is produced mainly by hepatocytes in vivo, and circulates in blood vessels, 27 it was suspected in the present study that factor X was supplied, at least partly, through the fenestration of endothelial cells from blood circulation, activated by tissue factor expression of the mesangial cells, and then maintained in the mesangial area by factor V.
Factor Xa is not only a key factor in coagulation cascades but also a potent mitogen for endothelial and smooth muscle cells. 6 In addition, factor Xa also stimulates the production of inflammatory cytokines, such as monocyte chemoattractant protein-1 which induces macrophage infiltration, together with interleukin-6 and -8, in endothelial cells. 6 In the present study, there were no differences in total glomerular cell number, necrosis, or mesangiolysis between the disease control group and DX-9065a treatment group on day 1, and cellular proliferation was reduced by DX-9065a treatment on days 3, 5, and 8. Although macrophage infiltration was rapidly observed on day 1 and was not inhibited on days 1-3 by DX-9065a treatment (factor X independent), it was suppressed on days 5-8 by the treatment (factor X dependent). These data suggest that DX-9065a administration on the day of OX-7 injection did not inhibit the nephritis trigger, but suppressed the following inflammation. It was noteworthy that DX-9065a treatment did not delay repair after mesangiolysis by OX-7 injection, as shown by the equal ratio of residual capillary ballooning with disease control group on day 8. Recently Murayama et al reported that higher levels of radioactivity were observed in the kidney and liver after a single intravenous dosing of [ 14 C]-DX-9065a to male rats, compared with serum concentration. In their report, the radioactivity concentration of DX-9065a in the kidney was approximately 50 times greater than the serum level 24 h after the single intravenous injection. 28 Therefore, DX-9065a administered simultaneously with OX-7 injection might remain in renal tissue for a long time at sufficient concentration to suppress local factor Xa activity.
Crescent formation was suppressed as well as fibrin deposition and cellular proliferation in the present study. Clinically, crescent formation is observed frequently in human microscopic polyangiitis 29, 30 and occasionally in the active type of human MsPGN such as IgA nephropathy and Henoch-Schönlein purpura nephritis. 31 Fibrin is considered to be chemotactic for leukocytes. 32 Where the crescent is formed, fibrin, T cells, macrophages, and tissue factor are consistently observed. [33] [34] [35] Although Thy-1 nephritis is basically MsPGN, crescents were observed in some studies of Thy-1 nephritis as reported by us and another study group. 13, 36, 37 In our previous study, treatment with prednisolone for rat Thy-1 nephritis inhibited both crescent formation and mesangial cell proliferation, although prednisolone does not suppress fibrin precipitation in Bowman's space; 36 therefore, the use of a specific factor Xa inhibitor may take advantage of antithrombotic and antiproliferative effects in crescent formation in MsPGN.
It is well known that the MAP kinase cascade plays an important role in cellular proliferation, 38 and this cascade is shown to be a major intracellular mediator of proliferative response in glomerulonephritis in vivo. 39 In this study, we examined whether p44/42 MAP kinase is activated in Thy-1 nephritis, and whether this activation is suppressed by a factor Xa inhibitor. Phosphorylation of p44/42 MAP kinase was markedly increased in the glomerulus in this nephritis, and the increase was suppressed by DX-9065a treatment. Sadlier et al 40 observed increased gene expressions of cell cycle proteins situated downstream of the MAP kinase cascade in the proliferative phase of this model of nephritis. Thrombin and factor Xa activate a novel family of cell-surface receptors, PARs, which are G protein-coupled receptors. 41, 42 After selective cleavage of the receptors by these serine proteases, PARs mediated signaling, and thereby exerted various cellular effects that induced inflammatory responses to tissue injury. [43] [44] [45] Several in vitro studies have demonstrated that PAR2 can mediate factor Xa signaling, but not thrombin signaling. 46 In our recent study, we reported that PAR2 is expressed in cultured human mesangial cells, and that factor Xa induces cellular proliferation through the activation of ERK via PAR2. 7 In this study, high-dose DX-9065a suppressed both PCNA-positive cells and total glomerular cells, whereas a low dose of this inhibitor suppressed only total glomerular cells on day 8. Regarding this discrepancy, it was suspected that sufficient concentration of DX-9065a in renal tissue to suppress PCNA-positive cells in the later phase of nephritis might be maintained only by a high dose, and that the concentration from a low-dose injection might suppress only cellular proliferation in the early phase, and subsequently total glomerular cells in the later phase, but might Figure 6 Inhibitory effects of DX-9065a on PCNA-positive cell number. PCNA-positive cells were often observed in glomeruli in the disease control group, whereas these cells were scarce in the normal group. PCNA-positive cell number was significantly suppressed by DX-9065a treatment in a dosedependent manner. **Po0.01 vs disease control (six rats per group).
not be sufficient for PCNA-positive cells to remain in the later phase on day 8. In Thy-1 nephritis, proliferating cells in the mesangial area are mainly mesangial cells; 47 therefore, it is suspected that mesangial cell proliferation is induced partly by factor Xa through PAR2 activation in vivo, as shown previously in cultured mesangial cells. In the present study, PAR2 was scarcely observed on day 0, and was high on day 3 and day 8. Grandaliano et al 48 reported that PAR2-positive cells are not observed in glomeruli in human IgA nephropathy, although such positive cells are abundant in tubular epithelial cells. As PAR2 expression in cultured fibroblasts was suppressed within the collagen matrix, 49 the disappearance of PAR2-positive cells from glomeruli in the chronic phase of human glomerulonephritis may be induced by downregulation after the production of extracellular matrix proteins. Further study should be conducted to clarify Figure 7 Inhibitory effects of DX-9065a on fibrin deposition. Fibrin deposition was intense in the disease control group (b) and DX-9065a-treated groups (low dose, c; high dose, d), compared to the normal group (a). Fibrin deposition in the mesangium, and partially along capillary loops, was reduced in DX-9065a-treated rats in a dose-dependent manner (e). *Po0.05 vs disease control (six rats per group). Original magnification for all panels Â 400.
Roles of factor Xa in rat MsPGN K Nomura et al the sequence of events from factor Xa activation to the decrease of PAR2-positive cells.
In conclusion, the results of the present study suggest that tissue factor and factor V induction may accelerate MsPGN, at least partly, through the activation and accumulation of factor X via proinflammatory and procoagulant mechanisms, and the inhibition of this pathway with a specific factor Xa inhibitor is a promising method to regulate the disease process.
